Controlled Two-Dimensional Ferromagnetism in 1T-CrTe$_2$. The role of
  charge density wave and strain by Fumega, Adolfo O. et al.
Controlled 2D Ferromagnetism in 1T -CrTe2. The role of charge density wave and
strain
Adolfo O. Fumega,1, 2, ∗ Jan Phillips,1, 2 and Victor Pardo1, 2, †
1Departamento de F´ısica Aplicada, Universidade de Santiago de Compostela,
E-15782 Campus Sur s/n, Santiago de Compostela, Spain
2Instituto de Investigacio´ns Tecnolo´xicas, Universidade de Santiago de Compostela,
E-15782 Campus Sur s/n, Santiago de Compostela, Spain
Transition metal dichalcogenides are promising candidates to show long-range ferromagnetic order
in the single-layer limit. Based on ab initio calculations, we report the emergence of a charge density
wave (CDW) phase in monolayer 1T -CrTe2. We demonstrate that this phase is the ground state
in the single-layer limit at any strain value. We obtain an optical phonon mode of 1.96 THz that
connects CDW phase with the undistorted 1T phase. Localization of the a1g orbital of CrTe2
produces an out-of-plane orientation of the magnetic moments, circumventing the restrictions of
the Mermin-Wagner theorem and producing ferromagnetic long-range order in the two-dimensional
limit. This orbital-localization is enhanced by the CDW phase. Tensile strain also increases the
localization of this orbital driving the system to become ordered. CrTe2 becomes an example of a
material where the CDW phase produces the stabilization of the long-range ferromagnetic order. Our
results show that both strain and phase switching are mechanisms to control the 2D ferromagnetic
order of CrTe2.
INTRODUCTION
The discovery of graphene in 2004 [1] prompted
new research areas focused on developing purely two-
dimensional (2D) materials that could show emergent
physical phenomena and lead to new applications[2–4].
In the last decade, ordered phases such as ferroelectricity
or ferromagnetism, that typically occur in bulk, were also
reported in 2D materials [5, 6]. In particular, the study
of 2D ferromagnets results nowadays attractive due to
the influence that it could have in other active research
areas: spintronics, experiments on quantum anomalous
Hall effect, tunneling magneto resistance or spin valves
are some examples[7].
In order to achieve a 2D ferromagnet, it is necessary
to overcome the constraints imposed by the Mermin-
Wagner theorem [8]. It postulates the appearance of
gapless spin excitations at finite temperature in isotropic
short-range-interaction models, like the isotropic Heisen-
berg model in 1 or 2D, thus, forbidding long-range ferro-
magnetic order. In two dimensions the system must lower
its symmetry (break spin-rotation invariance) to become
a ferromagnet. This can be done by applying an exter-
nal field or force such as a magnetic field or strain. But,
more interestingly, it can also be achieved intrinsically
by a strong magnetic anisotropy in the crystal, driven by
spin-orbit coupling (SOC). In this study we will see that
the emergence of a charge density wave (CDW) phase
can also produce the same effect.
There are already a few examples of systems where fer-
romagnetism has been observed in the few layer or mono-
layer limit. These are, e.g. Cr2Ge2Te6 [6], Fe3GeTe2
[9], CrI3 [10] and FePS3[11]. Among them, the fam-
ily of transition metal dichalcogenides (TMD) has been
proposed to be an ideal platform to study 2D ferromag-
netism [12, 13]. These have layered structures with layers
bonded via van der Waals interactions (hence, they can
be exfoliated down to the monolayer limit), [14] and the
transition metal in the structure provides the d -electrons
that in some cases leads to a non-zero magnetic moment.
Apart from that, several TMD develop a CDW phase [15–
20] at low temperatures. This phase can deeply influence
the magnetic[21] and superconductive[22] properties of
these compounds. This interplay is yet to be fully under-
stood. In this work, we provide an example of a situation
where the CDW phase leads to an enhancement of mag-
netism (at least in the 2D limit), contrary to, e.g. VSe2
where the opposite occurs[21, 23, 24].
This study will be focused on CrTe2, a TMD that crys-
tallizes in a 1T -phase, in which the Cr-rich hexagonal
planes are sandwiched by Te-rich layers. CrTe2 layers
of this form are stacked via van der Waals interactions
(as shown in Fig. 1a). This compound shows a room
temperature ferromagnetic phase with a Curie tempera-
ture of 310 K and the magnetic moments aligned parallel
to the layers [25]. The transition above room tempera-
ture makes CrTe2 a highly interesting material from the
technological point of view. Based on Density Functional
Theory (DFT) calculations, we will analyze below engi-
neering strategies for the bulk structure, such as strain,
to align the magnetic moments perpendicular to van der
Waals planes. Additionally, we will study in detail the
monolayer limit. Our calculations predict the formation
of a CDW in the 2D limit. We will analyze the influence
that such a phase has to induce long-range ferromagnetic
order in 2D. We will also discuss the role of strain also
at the monolayer level.
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2FIG. 1: CrTe2 structures used in this study. Cr (Te)
atoms in blue (gold). (a) Unit cell in bulk. CrTe2 lay-
ers are bonded via van der Waals interactions. Cr atoms
octahedrally coordinated by Te atoms. The off-plane di-
rection is a trigonal axis. (b) Top view of monolayer
NS (normal state) structure, the single unit cell is de-
picted by the black rhombus. It contains just 1 Cr and
2 Te atoms. (c) Top view of monolayer CDW structure,
a
√
3 × √3 supercell is required to describe its unit cell
(black rhombus). Groups of three Cr atoms are formed
by a stretching of their bond length (red triangles).
COMPUTATIONAL METHODS
We have performed ab initio electronic structure cal-
culations based on DFT[26, 27] using an all-electron full
potential code (wien2k[28]) on CrTe2. The exchange-
correlation term used for the bulk and monolayer struc-
tures was the generalized gradient approximation (GGA)
in the Perdew-Burke-Ernzerhof[29] scheme. These calcu-
lations were performed with a converged k-mesh and a
value of RmtKmax=7.0. The Rmt values used were 2.39
and 2.50 in a.u. for Cr and Te respectively.
The harmonic phonon spectrum of monolayer
CrTe2 was computed using the real-space supercell
approach[30]. Scanning tunneling microscope (STM) im-
ages were represented using the XCrySDen code[31].
In order to compute the magnetic anisotropy energy
(MAE ), spin-orbit coupling (SOC) was introduced in a
second variational manner using the scalar relativistic ap-
proximation [32]. MAE is defined as:
MAE = EIn − EOut, (1)
where EIn is the energy per metal atom when the magne-
tization is set along an in-plane direction (parallel to the
Cr layers), while EOut is calculated considering the mag-
netization points along the out-of-plane direction (per-
pendicular to the Cr-rich layers).
THE BULK STRUCTURE
In this section we see how the effect of strain affects the
alignment of the magnetic moments. The starting point
for the bulk analysis is the experimental structure[25].
We modified the off-plane lattice parameter c and fully
relaxed the atomic positions. After this, we introduced
SOC for an in-plane magnetization direction and an out-
of-plane direction. This allowed us to obtain the needed
energies to compute the MAE given by eq. (1). We
then repeated this process for different values of the in-
plane lattice parameter a, resulting in Fig. 2. Positive
values of the MAE in our convention mean that magnetic
moments point perpendicular to the Cr layers. These are
of special interest when approaching the 2D limit, where
the Mermin-Wagner theorem applies.
FIG. 2: Magnetic anisotropy energy (MAE) as
a function of the lattice constant c (out-of-plane) for dif-
ferent lattice constant a (in-plane) values for bulk CrTe2.
Positive MAE indicates moments point out of the plane.
Decreasing the lattice parameter c drives the magnetic
moments to point perpendicular to the CrTe2 layers for
any value of a analyzed. Increasing the lattice param-
eter c drives the magnetic moments to point perpen-
dicular to the Cr layers when the lattice parameter a
is also increased compared to the experimental value.
The off-plane direction is a trigonal axis for the
Te6 octahedron surrounding the Cr cations. Stretch-
3ing (compressing) the octahedra along this axis leads
to a splitting of the otherwise degenerate t2g triplet
into a lower(higher-)-lying doublet (so-called e∗g) and
a higher(lower-)-lying singlet (a1g).[33] Our calculations
show that for the experimental values of the lattice pa-
rameters, the magnetization points in the plane, which is
in agreement with experiment [25]. When trigonal strain
is applied, Fig. 2 shows that: i) when the Cr layers come
closer to each other (smaller lattice parameter c values),
the MAE turns positive. This means that with a high
enough uni-axial pressure that approximates Cr layers
together, bulk CrTe2 will present an out-of-plane magne-
tization direction. ii) In a similar way, when approaching
the monolayer limit, as Cr layers separate, the magnetic
moments also tend to point perpendicular to these, but
only for larger lattice parameter a values. In fact, with-
out it, the magnetic moments will stay pointing in-plane
(negative values of the MAE).
As discussed before, a magnetization pointing out
of the plane is a requirement for ferromagnetic long-
range order to exist at a finite temperature in the two-
dimensional limit. Thus, it is desirable to understand
how to force the magnetization to point out of the plane
in the single-layer limit. We will compare below these
results in the bulk with similar ones obtained in the 2D
limit.
STRUCTURAL CHARACTERIZATION OF THE
MONOLAYER
Based on previous studies that report the emergence
or enhancement of a CDW phase in some TMD’s when
the 2D limit is reached [15–20], we have analyzed if a
CDW state emerges in monolayer CrTe2. To do so, we
have performed phonon band structure calculations in
what we have defined as the normal state (NS) structure
of the monolayer. Figure 1b shows the NS structure and
its unit cell. This NS structure has a perfect hexago-
nal arrangement of the Cr atoms as in bulk (space group
no. 164), but with the Te atoms fully relaxed in the
monolayer limit. In this state, each Cr atom has 6 Cr
neighbours at the same distance and the unit cell can
be reduced to the one depicted in Fig. 1b as a black
rhombus. If a CDW phase is the ground state of the
system, the phonon band structure must show unstable
modes at certain q-points related to the supercell struc-
ture in which the CDW is described [34]. Figure 3a shows
the phonon band structure for NS monolayer CrTe2. A
clear instability is observed at the K point (1/3,1/3) in
reciprocal space, which suggests a
√
3 ×√3 supercell to
describe the CDW state. Note that an instability in the
harmonic spectrum is just an indication (not a proof) of
the existence of a CDW phase. The introduction of an-
harmonicities could lead the NS to stabilize, i.e. quench-
ing the appearance of the CDW phase[18]. Therefore,
without including anharmonic effects, the route that we
have to follow to demonstrate the existence of the CDW
in monolayer is to find a modulated structure lower in
energy than the NS structure.
FIG. 3: CrTe2 phonon band structures in the mono-
layer limit. (a) For the NS unit cell structural instabili-
ties appear around the K point in the form of imaginary
phonon modes. (b) For the CDW unit cell no instabili-
ties are observed, this is a dynamically stable structure.
Motivated by the harmonic instability at the K point,
we have generated a
√
3×√3 supercell as the one shown
in Fig. 1c. We have optimized all the atomic positions in
it. The result is a reconstruction of the atomic distances.
Compared to the NS structure, in which each Cr atom
has 6 equidistant Cr neighbours, in the CDW structure
each Cr has two short and 4 long Cr-Cr bonds, i.e. a
triangular modulation like the one shown in red in Fig.
1c appears in the structure. Modulations like this due to
the CDW are known to produce new peaks in the X-Ray
diffraction pattern[35]. Nevertheless, in 2D materials this
experimental technique does not allow to measure the
structural reconstruction that happens. Therefore, we
have computed the STM images for the NS (Fig. 4a)
4and the CDW (Fig. 4b) structures. In these images, the
white dots are associated to the top-layer Te atoms that
form the Te-Cr-Te sandwich of the 2D material. For the
NS case, all of the Te atoms present the same intensity.
However, in the CDW case, some of the white dots are
brighter and bigger. These dots are the ones associated
to the Te atoms that lie inside the red triangle in Fig. 1c.
The stretching of the Cr atoms forming the triangle make
these Te atoms come out of the plane. Thus, producing
an increase in the intensity and size observed in the STM
image. A symmetry analysis of the CDW structure allows
us to identify that the structure corresponds to the space
group no. 157, which is a subgroup of the NS structure
symmetry (space group no. 164).
FIG. 4: Computed STM images for monolayer CrTe2
(a) in the NS and (b) in the CDW phase. Each white
dot is associated to a Te atom in the top layer that forms
the Te-Cr-Te monolayer. Unit cells for each phase can be
identified (green rhombuses). In the CDW image, an en-
hancement in the intensity of some Te atoms is produced
due to the Cr-bonds stretching (red triangle in Fig. 1).
By now, we have reported the appearance of a CDW
in a
√
3 × √3 supercell for monolayer CrTe2. However,
we have not demonstrated yet that it corresponds to a
ground state at low temperatures. To do so, we have
computed the total energies of both the NS and the CDW
structures using DFT calculations. This allows to deter-
mine which structure is energetically preferred at 0 K.
Figure 5 shows the energy difference between the NS and
the CDW structure as a function of the lattice parameter
a. The experimental value of a in bulk[25] is plotted for
comparison. We observe that the CDW phase is more
stable than the NS at any lattice parameter studied. In
particular, for the experimental case, the energy differ-
ence is ∼ 14 meV/Cr atom. We have also computed the
phonon band structure (Fig. 3b) for the CDW structure.
We can see that this structure does not show dynamic in-
stabilities in the form of imaginary phonon modes in the
phonon band structure, and hence it provides the ground
state for monolayer CrTe2. Note that the labels of the
reciprocal space in Fig. 3b have been primed to empha-
size that the first Brillouin zone is reduced in the CDW
phase. Moreover, we have identified an optical mode in
the CDW structure that drives this phase to the NS one.
This mode has a frequency of 1.96 THz and could be
activated to switch between both phases.
FIG. 5: Energy difference between the NS structure and
the CDW structure as a function of the a lattice parame-
ter for monolayer CrTe2. Positive values in this difference
imply that the CDW phase is more stable than the NS.
FERROMAGNETISM IN THE 2D LIMIT
Now that we have already seen that at low tempera-
ture a CDW phase emerges on monolayer CrTe2, we can
analyze its effect on the ferromagnetic order of the com-
pound. But before doing that, we are going to see the
effect that it produces on the electronic structure.
Typically, the occurrence of a CDW phase leads to the
opening of electronic gaps or pseudogaps in the vicin-
ity of the Fermi level [20, 36, 37]. In order to see the
rearrangement that the electronic structure of CrTe2 un-
dergoes within the CDW phase, we have computed the
electronic density of states (DOS) and the band struc-
tures for both phases. Figure 6a shows the DOS for the
NS (CDW) phase in blue (red) near the Fermi level. As
discussed above for the bulk case, the octahedral envi-
ronment around the Cr atoms is trigonally distorted and
hence the d-orbitals split into 3 sets of energy levels, one
a1g singlet and two (eg and e
∗
g) doublets, the latter be-
ing split from the cubic t2g triplet. The occupation of
the a1g and two electrons in the wider e
∗
g bands in the
majority spin channel leads to a total magnetic moment
of 3 µB/Cr, corresponding to an approximate Cr
3+ va-
lence, but with a high degree of hybridization with Te-p
orbitals, which produces the observed metallic state. The
5FIG. 6: (a)
Density of states (DOS) as a function of energy for the
NS structure in blue and the CDW one in red. The ma-
jority (minority) spin channel is represented as positive
(negative). (b) Band structures for the majority spin
channels. Left (right) panel for the NS (CDW) struc-
ture. The a1g orbital character is highlighted in pink.
minority spin channel presents roughly no occupied Cr d
states (apart from some bonding character in the Te p
bands). In Fig. 6a, in the majority channel, we can see
that gaps are opened around the Fermi level as a conse-
quence of the CDW (shown in red). This can be analyzed
in more detail in the band structure (Fig. 6b) in which
the majority spin channels are represented. On the left
(right) panel, the NS (CDW) band structure is shown,
both computed in the
√
3 × √3 supercell. Due to the
atomic rearrangement produced by the CDW, bands hy-
bridize opening a gap below and above the Fermi level
that leaves a flat single band crossing the Fermi level.
This depletion of states around the Fermi level reduces
the total energy of the system, making the CDW struc-
ture the ground state solution. We can also see that the
a1g orbital, whose character is represented in pink in Fig.
6b, gets more localized. This can also be identified as a
peak in the DOS just below the Fermi level for the CDW
case (Fig. 6a).
Regarding the magnetic properties of the system, we
FIG. 7: MAE as a function of the lattice
parameter a for 2D CrTe2. The CDW phase and tensile
strain drive the magnetic moments to point perpendicu-
lar to the monolayer. In the shaded area we could control
the ferromagnetic order via strain or phase transition.
have already stated that monolayer CrTe2 presents a
magnetic moment per Cr atom 3 µB . The question that
arises now is if the moments are long-range ordered, thus
providing a ferromagnetic state. In orther to check this,
we have computed the MAE as given by eq. (1). Fig. 7
shows the MAE as a function of strain for the NS and
the CDW phases. An out-of-plane MAE (positive val-
ues in our convention) circumvents the restrictions of the
Mermin-Wagner theorem leading to long-range ferromag-
netic order to be stable at finite temperatures.
In Fig 7 we observe that for the experimental value
of the in-plane lattice constant, a long-range FM order
is on the verge of being feasible. A very small tensile
strain produces a spin reorientation for the CDW phase
with the solution with an out-of-plane magnetization be-
ing stable. A substantially larger tensile strain is required
to produce the same effect in the NS structure. It can
be seen that the CDW phase has a higher tendency to
have the magnetic moments aligned perpendicular to the
layer, i.e. every MAE value for the CDW is more posi-
tive (or less negative) than the corresponding one in the
NS. This tendency for the moments to orient out of plane
is accompanied of a stronger moment localization in the
CDW phase, as we can see in the band structure ana-
lyzed above. When tensile strain is applied, the states
also become more localized (bandwidths are reduced by
a reduction of the in-plane hopping, thus, operating in
the same direction as the CDW does).
We saw above that for CrTe2 in the bulk, strain is also
a mechanism responsible for producing an out-of-plane
orientation of the magnetization in this compound. In
particular, enlarging the in-plane lattice parameter (re-
6ducing the Cr d bandwidth, and producing larger mo-
ment localization) increases the tendency for the mag-
netic moments to point out of the plane.
This kind of out-of-plane to in-plane magnetic moment
reorientation has been observed in similar (bulk) van der
Waals ferromagnets like Cr2Ge2Te6 when pressure is ap-
plied [38]. The effect of pressure goes in the opposite di-
rection than tensile strain. It reduces the lattice parame-
ter, thus increasing the bandwidth (or delocalization) of
the d orbitals and hence driving the moments parallel to
the layers. Thus, this relationship between magnetocrys-
talline anisotropy and moment orientation in trigonally
distorted Cr3+-based 2D magnets is somewhat general.
We observe that for the experimental value of the lat-
tice parameter a, ferromagnetic order is on the verge
of stability in the CDW phase. Small values of strain
could lead the system to become ordered, and vice versa.
Thus, strain provides an effective way to control 2D ferro-
magnetism in monolayer CrTe2. Apart from this mecha-
nism, it can also be controlled by activating the 1.96 THz
phonon mode that we have identified in the previous sec-
tion. This would drive the CDW phase to the NS one,
thus quenching the magnetic order. The shaded area in
grey in Fig. 7 provides the range of lattice parameter
values in which we could control the ferromagnetic order
of 2D CrTe2.
SUMMARY AND CONCLUSIONS
In this article we have analyzed the magnetic and
structural properties of CrTe2.
In the first part we focused on the bulk structure. We
saw how different distortions applied to the lattice pa-
rameters could drive the moments to point perpendicu-
lar to the van der Waals layers. By decreasing the lattice
parameter c an increase in the hopping between layers is
produced. This leads the moments to point out-of-plane.
By increasing the lattice parameter c, i.e. increasing the
distance between layers and approaching the 2D limit,
magnetic moments point perpendicular if the lattice pa-
rameter a is also increased.
A detailed description of the monolayer limit was pre-
sented in the following sections. First, a structural anal-
ysis was performed. We found that a CDW associated to
the symmetry space group no. 157 emerges at low tem-
peratures. This CDW phase corresponds to the ground
state at any strain value, and it helps eliminating the dy-
namic instabilities that appear in the phonon spectrum
for the NS structure. We showed computed STM images
of NS and CDW phases to guide experimentalists to iden-
tify each phase. We have also determined that an optical
phonon mode of 1.96 THz is responsible for the transition
between phases. Thus, prompting a route to switch be-
tween them in a controlled way [39]. The analysis of the
electronic structure showed that the CDW phase opens
pseudogaps around the Fermi level and localizes the d
orbitals. This is found to drive the magnetic moments to
point perpendicular to the monolayer, thus, overcoming
the constrains imposed by the Mermin-Wagner theorem
and producing long-range ferrromagnetic order in the 2D
limit. Tensile strain is also found to increase the localiza-
tion of the d orbitals and hence produce ferromagnetism
in both phases. This mechanism of moment localization
associated to the magnetization pointing out of plane op-
erates in other Cr3+-based low-dimensional magnets.
In this article, we have highlighted the importance that
the structure has in providing a good description of the
magnetic properties in CrTe2. Opposite to what has
been reported for other similar systems, such as VSe2,
[21] where a CDW is incompatible with a long-range
FM order, we have found that the emergence of a CDW
drives CrTe2 to become a ferromagnet in the single-layer
limit. Our work provides additional understanding for
the interplay between different competing phases in low-
dimensional materials and provides fundamental insight
in order to find 2D ferromagnetism in TMD’s and related
systems.
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